Background. Glioblastoma is a notoriously difficult tumor to treat because of its relative sanctuary in the brain and infiltrative behavior. Therapies need to penetrate the CNS but avoid collateral tissue injury. Boron neutron capture therapy (BNCT) is a treatment whereby a 10 B-containing drug preferentially accumulates in malignant cells and causes highly localized damage when exposed to epithermal neutron irradiation. Studies have suggested that 10 B-enriched L-4-boronophenylalaninefructose (BPA-f) complex uptake can be improved by enhancing the permeability of the cerebrovasculature with osmotic agents. We investigated the use of MRI-guided focused ultrasound, in combination with injectable microbubbles, to noninvasively and focally augment the uptake of BPA-f. Methods. With the use of a 9L gliosarcoma tumor model in Fisher 344 rats, the blood-brain and blood-tumor barriers were disrupted with pulsed ultrasound using a 558 kHz transducer and Definity microbubbles, and BPA-f (250 mg/kg) was delivered intravenously over 2 h. 10 B concentrations were estimated with imaging mass spectrometry and inductively coupled plasma atomic emission spectroscopy. Results. The tumor to brain ratio of 10 B was 6.7 + 0.5 with focused ultrasound and only 4.1 + 0.4 in the control group (P , .01), corresponding to a mean tumor [
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Keywords: blood-brain barrier, brain-tumor barrier, imaging mass spectrometry, neutron capture, therapeutic ultrasound. G lioblastoma is the most aggressive primary brain tumor and deserves attention on the basis of its universally poor prognosis. Treatment is hindered by the diffusely infiltrating nature of the tumor, and thus, glioblastoma may be regarded as a whole brain disease. 1 There is no cure, and until relatively recently, treatment consisted of surgical resection followed by radiation therapy, yielding a median survival of 9-12 months, with only 3% -5% of patients alive at 2 years. 2, 3 The most significant advance in glioblastoma therapy in the previous 3 decades was the addition of temozolomide to radiotherapy and surgical resection, increasing the median survival to 14.6 months and 2-year survival to 27.2%. 4, 5 Particularly in the brain, therapies should spare healthy tissue as much as possible, but many of those that have selective activity against malignant cells are hindered by the cerebrovasculature. Boron neutron capture therapy (BNCT) restricts the effects of ionizing radiation to malignant cells by exploiting the high thermal neutron capture cross-section of 10 B but requires the preferential delivery of a 10 B-containing carrier molecule to the tumor. We investigated focused ultrasound in combination with ultrasound contrast agents to increase the uptake of 10 B in malignant cells by focally increasing the permeability of the BBB and BTB.
BNCT is a binary treatment whereby a compound containing 10 B is formulated, such that it is taken up preferentially by tumor cells after administration into the blood. The tumor and surrounding tissue are then irradiated with a thermal or epithermal neutron beam, wherein 10 B captures a neutron to form 11 B and then rapidly undergoes alpha decay (Equation 1). The high linear energy transfer radiation produced in this reaction by the recoiling alpha particle and lithium ion has a range of approximately 5-9. 10 Only 10 B-containing cells, given a sufficient intracellular concentration, will be eradicated, and other cells will be relatively spared. Successful BNCT thus requires an adequate concentration of 10 B in target cells, estimated to be on the order of 20 mg/g and a high tumor-to-brain ratio of 10 B. 11,12 This high ratio is desirable as it increases the relative dose to the tumor, while minimizing the number of hydrogen, nitrogen, and boron capture reactions that occur in nontarget tissues.
One of the 2 most commonly studied 10 B delivery agents is L-4-boronophenylalanine (BPA), which is complexed with fructose (BPA-f) to increase its solubility. 13 As an amino acid analogue, it accumulates preferentially in malignant cells because of comparatively higher metabolism. Early clinical trials of BNCT for glioblastoma used 2-h intravenous infusions of BPA-f, at doses ranging from 100 to 400 mg/kg body weight. 12, 14, 15 In animal glioblastoma models, however, significant improvements have been obtained by dose escalation, prolonged infusions, intra-carotid injection, and pharmacological or osmotic BBB disruption (BBBD) before drug administration. 16 -18 More recently, transient, focal BBBD has been demonstrated using focused ultrasound. 19 With the use of low-energy ultrasound bursts at sub-megahertz frequencies through the intact skull, in combination with timed intravenous injections of encapsulated perfluorocarbon microbubbles, the permeability of the cerebral microvasculature can be increased. 20, 21 Although the underlying mechanisms are not fully understood, cavitation of microbubbles under the influence of ultrasound pulses appears to cause temporary mechanical disruption of the endothelial tight junctions and increased para-and transcellular passage of molecules from the blood into the brain. 22 Gadolinium-enhanced MR imaging is used to identify the regions of contrast extravasation and confirm BBBD. 20, 21 In a rodent model of glioblastoma, we postulated that increasing the vascular permeability in and around the tumor (BBB/BTB disruption, hereafter referred to as BBBD) with MR-guided focused ultrasound would result in an increased and more uniform uptake of intravenously administered BPA-f into the tumor.
Materials and Methods
BPA (98.4% purity, Interpharma Praha, Prague, Czech Republic) was prepared without the use of glass labware to avoid contamination from borosilicate glass. 23 The
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B enrichment was confirmed by ToF-SIMS. The BPA-f complex was prepared as described previously in the literature. 13, 24 It was refrigerated in a polypropylene vessel overnight and passed through a 0.22 mm filter before administration.
Tumor Implantation
All procedures were approved by the institutional animal care committee and conformed to the guidelines of the Canadian Council on Animal Care. General anesthesia was induced in male Fisher 344 rats weighing 250-300 g with isofluorane and maintained with a combination of ketamine (90 mg/kg), xylazine (10 mg/kg), and isofluorane. Tumors were implanted in the left frontal striatum with use of a stereotactic frame at a depth of 4 mm from the cortical surface. The 9L gliosarcoma cell line was selected because it has been extensively used in BNCT studies. 25 With the use of a 5-mL Hamilton syringe, 2.5 × 10 5 9L gliosarcoma cells were injected in 2 mL of media. Animals were imaged and treated 8 -9 days after implantation, after the tumors had reached 1.5 -2 mm in diameter.
Animal Preparation, Focused Ultrasound, and MRI Imaging
For ultrasound treatments, animals were anesthetized with ketamine and xylazine at the same dose previously detailed. A 22-gauge tail vein cannula was inserted and the head of the animal shaved and chemically depilated. Definity ultrasound contrast (Lantheus, North Billerica, MA) was prepared as directed and diluted 1:10 in normal saline. Animals were positioned supine and fixed in place with a bite bar and lower extremity restraints. The head was coupled to a single element concave ultrasound transducer (center frequency 558 kHz, F ¼ 0.8, R ¼ 10 cm) through a bath of degassed water. The free-field peak rarefaction pressure was measured to be 0.4 MPa. After MRI coregistration, a computer-controlled 3-axis positioning system allowed the focal spot of the transducer to be positioned at any location in the brain. All treatments began with baseline T2-and T1-weighted MR imaging, including a T1-weighted sequence with gadolinium contrast (0.2 mL/kg; Omniscan, GE Healthcare, Milwaukee, WI), to identify the tumor. A single sonication was performed on each animal, each consisting of ultrasound bursts of 10 ms in length, repeated once every second (pulse repetition frequency of 1 Hz) for each corner of a 1.5 mm square in the axial plane (Fig. 1) . The total treatment duration was 120 s. With the initiation of each sonication, animals were given a 0.02 mL/kg Definity bolus in the tail vein catheter, followed by a 0.5 mL saline flush. The same MR imaging sequences performed before treatment were then repeated after the sonication to confirm the extent and location of BBBD. Contrast enhancement (CE) on T1-weighted images was calculated as CE ¼ (I post -I pre )/I pre, where I pre and I post are the pre-and postcontrast mean signal intensities of the tumor, each normalized by the intensity in the contralateral hemisphere. The CE was then used to characterize the increase in vascular permeability because of the sonication.
Treatment Groups
There was one tumor treatment group (n ¼ 3) and one control tumor group (n ¼ 4). All animals were delivered a BPA-f dose of 250 mg/kg body weight via tail vein catheter over a 2 h period and sacrificed 1 h after the conclusion of the infusion (3 h after the initiation of the treatment). In both groups, 25% of the total dose was delivered as an initial bolus, followed by a single sonication to induce BBBD. The remaining BPA-f was delivered over a 2-h infusion. The control group received only the 2-h infusion after the bolus. As an additional control, 2 animals (n ¼ 2) without tumor implantation underwent BBBD with BPA-f infusion to evaluate the effect on normal brain, with the contralateral unsonicated hemisphere serving as a matched control.
Specimen Preparation
Animals were sacrificed by intravenous injection of euthanyl. Specimen preparation was similar to that described in the literature for ion imaging.
26,27 Animals were not perfused, because any 10 B present in the vasculature at the time of irradiation would contribute to the overall radiation dose delivered to the respective tissue. Brains were removed and flash-frozen in isopentane cooled in liquid nitrogen, then maintained at 2808C until the time of histological preparation. Ten-micrometer thick coronal sections, at 250-mm levels, were cut using a cryostat (Leica Microsystems GmbH, Wetzlar, Germany) with the chamber held at 2208C and immediately mounted on 50 mm N-type semiconducting silicon wafers (Wafer World, West Palm Beach, FL) maintained at the same temperature. The silicon-mounted sections were then lyophilized for 24 h and stored at room temperature in hermetically sealed containers with Drierite There also appears to be some BBBD toward the midline, resulting from the postero-medial focus, which has resulted in contrast enhancement periventricularly in the left frontal lobe, in the anterior commissure, and in the anterior portion of the left thalamus. This is attributable to the 3 mm pressure full-width half-maximum (FWHM) lateral beam width, which combined with the skull distortion, would overlap these structures.
(W.A. Hammond Drierite Co., Xenia, OH) until analysis by ToF-SIMS. An adjacent frozen section at each level was mounted on a glass slide and stained with hematoxylin and eosin (H&E) for light microscopy.
Imaging Mass Spectrometry
Mass spectrometry was performed with a ToF-SIMS IV time-of-flight mass spectrometer (Ion-Tof GmbH, Munster, Germany), taking measurements at the tumorbrain interface, where both the main tumor (MT), islands of infiltrating tumor (IT), and normal brain could be analyzed. Samples were presputtered for 60 s with oxygen (36 nA) over a 400 × 400 mm area centered on the region of interest. Positive secondary ions were analyzed within 200 × 200 mm regions (128 × 128 pixels, 1 shot per pixel, 550 scans, 100 ms cycle time) in imaging mode with a Bi 1 + liquid metal ion analysis gun (200 ns pulse) and noninterlaced oxygen sputtering (0.2 s sputter, 0.1 s pause). Imaging parameters were kept constant for all measurements. Regions for analysis were identified using a combination of optical imaging of cryosections and the corresponding H&E-stained slides. On average, 9 measurements were performed on 2 -3 separate levels for each animal. To account for differences in secondary ion intensities between samples, the secondary ion intensity of 10 B was normalized by the intensity of 12 C, because the latter is a relatively uniform matrix element. 26 This same normalization was used for all other elements investigated. For the analysis of the IT regions, because they were not present in all sections and a particular island of cells was typically only visible in a single level, 2-3 IT regions were selected for each animal and the mean-normalized 10 B intensity was compared with that of the MT in the same section. The mean IT:MT ratio of 10 B was then calculated for the BBBD and control groups.
Inductively Coupled Plasma Atomic Optical Emission Spectroscopy (ICP-AES) and Semi-Quantification of ToF-SIMS Data
Boron concentrations were measured with a Perkin-Elmer Optima 7300 DV ICP-AES using the 249.7 nm line of boron. Whole blood samples were collected at the time of sacrifice, digested with trichloroacetic acid (Sigma Aldrich), and centrifuged, and the supernatant was analyzed for total boron concentration as described elsewhere. 28 To convert the secondary ion intensities obtained with ToF-SIMS to concentration values (ppm), 9L cell pellets were enriched with BPA-f, homogenized, and frozen. These were digested using a combination of concentrated double distilled nitric and hydrochloric acid stored in Teflon (Veritas, GFS Chemicals, Columbus, OH), and the concentration of total boron was measured. 26 Magnesium was also measured in these specimens with both ToF-SIMS and ICP-AES (285.2 nm line) to help confirm uniform tissue processing between samples. The boron concentrations in the samples were then calculated using a relative sensitivity, factor as shown in Equation 2, where I B , I C , and [B] are the secondary ion intensities of
10 B and 12 C and the concentration of 10 B in ppm wet weight, respectively, for the sample of interest, and the control samples were digested and analyzed using ICP-AES. 26 
Statistical Analysis
GraphPad Prism 5 (GraphPad Software, San Diego, CA) was used for statistical analysis. ToF-SIMS spectrums were analyzed and Poisson corrected with SurfaceLab6 (Ion-Tof GmbH, Munster, Germany) before analysis with GraphPad. Ratios were calculated as the mean + standard error of the individual tumor to brain boron ratios for each animal. Boron concentrations (mean + standard deviation) were estimated from the mean secondary ion intensity for each of the ultrasound-treated tumor, control tumor, and normal brain with use of Equation 2 and the ICP-AEOS measurements of the doped cell pellets. Student's t test was used to compare the means + standard deviation and means + standard error of the mean from 2 groups.
Results
All animals tolerated the drug infusion and ultrasound treatment without complication and recovered from general anesthesia to their pretreatment condition before sacrifice. Figure 1 depicts representative T2-weighted and contrast-enhanced T1-weighted MR images before and after BBBD. The increase in contrast extravasation after treatment with ultrasound was relatively uniform; the mean contrast enhancement of the tumor region without BBBD was 12.5% + 0.7%, and after BBBD, it was 46% + 4% (P , .01). Although the BTB is permeable, these results demonstrate that it can be made more so with the combination of ultrasound and microbubbles. T2-weighted imaging shows an increase in edema after BBBD as a result of the increased capillary permeability (Fig. 1E) . All animals received the same weight-based dose of BPA-f, and whole blood samples obtained from both sonicated and control animals, analyzed by ICP-AES, showed no statistically significant difference in total boron concentration at the time of sacrifice.
On thorough histological review of the brain, no tissue injury was identified as a result of the ultrasound exposure; specifically, there were no regions of red blood cell extravasation, vacuolation, or abnormal neurons (pyknotic or karyorrhexic). Light microscopic review of H&E sections was used to select regions of interest for ToF-SIMS analysis on the corresponding adjacent silicon wafer -mounted sections. The tumor was easily differentiated from the normal brain tissue with the use of optical imaging in the vacuum chamber of the ToF-SIMS instrument (Fig. 2A) . A ToF-SIMS method was developed for the measurement of boron in cryogenically prepared specimens, which increased the sensitivity to elemental boron by .40-fold, compared with the initial imaging parameters, using bismuth as a primary ion source without oxygen sputtering. To our knowledge, this is the first use of a time-of-flight SIMS instrument to measure boron in the brain relating to BNCT. Although the secondary ion signals due to sodium and potassium saturated the detector, which precluded accurate quantitative comparisons of these particular ions, the 39 K/ 23 Na ratio ranged from 2:1 to 5:1 and did not correlate with the 10 B distribution. These results suggest that the cryoprocessing of the samples was acceptable. 29 Imaging of sodium and potassium also helped delineate structural details of the tumor. As has been similarly reported in 23 Na MR imaging of human brain tumors, the secondary ion intensity of 23 Na was higher in the tumor than in the adjacent normal brain tissue. 30 Representative secondary ion images of 23 Na + , 39 K + , 12 C + , and 10 B + are shown at the tumor-brain interface in Fig. 3 . In the tumors, 10 B + appeared to be distributed without any appreciable pattern relative to cellular structure. As reported in previous mass spectrometry studies of rodent tumors, a higher concentration of 25 
Mg
+ was detected in 9L tumors than in the surrounding brain, and served to further differentiate tumor from nontumor regions. 17 Representative images of the normalized [
10 B] in ultrasound-treated tumor, control tumor, peri-tumoral healthy brain, and contralateral brain and these respective concentrations overlaid on the sum of the remaining secondary ion signal are shown in Fig. 4 . Measurements of 10 B near the core of the tumor were compared with measurements taken at the periphery. There was no statistically significant difference among these measurements, likely in part because of the lack of a necrotic core in these relatively small 9L tumors; therefore, the entire volume was relatively well vascularized. Measurements of 10 B in normal brain tissue were also compared with those in the untreated contralateral hemisphere ( Fig. 4C and D) . Again, there was no statistically significant difference found (P ¼ .98), suggesting that ultrasound does not augment the baseline uptake of BPA-f by nonmalignant cells in the brain. This was confirmed by the control group without tumor implantation, in which we found no significant difference between the 10 B concentration in the sonicated region and the contralateral hemisphere (21.3 + 8.7 versus 17.8 + 3.9 ppm; P ¼ .39) (Fig. 5) .
The mean ratio of 10 B in the tumor to that in the adjacent brain was 6.7 + 0.5 in the group that underwent BBBD and only 4.1 + 0.4 in the control group (P , .01). The mean [ B distribution both in and among animals. This variability was very striking in the secondary ion intensities measured with ToF-SIMS, but after conversion to concentrations using ICP-AES, the measurement uncertainty from the latter dominated the error term. The range in all groups is shown in Table 1 and varies considerably more in the control tumor group (51 -117 ppm). Although the 9L gliosarcoma does not exactly duplicate the infiltrative pattern of glioblastoma in humans, 16 the normalized 10 B intensity from small infiltrating islands of cells (IT) adjacent to the main tumor mass (IT) was measured. The [ 10 B] in the IT, of which a representative image is shown in Fig. 3 , was found to be a Fig. 2 . Optical imaging in the vacuum chamber of the ToF-SIMS instrument was used to locate the tumor (indicated by the arrow) on the lyophilized specimens (A). After collection of the secondary ion spectra, the signal from 10 B + was easily distinguishable because of the lack of interferences in that atomic mass range (B).
mean (+ standard error) of 0.86 + 0.1 of the MT [ 10 B] in the BBBD group, compared with 0.29 + 0.08 in the control group. This difference was found to be highly statistically significant (P , .01) and suggests that BBBD with focused ultrasound can improve the accumulation of 10 B in infiltrating tumor cells.
Discussion
Cure has been achieved with BNCT in rodent models of glioblastoma with use of prolonged infusion times, escalated doses (typically above 500 mg/kg), and intracarotid administration with osmotic BBBD. By comparison, in humans, drug doses have been in the range of 100-400 mg/kg, according to the dose-escalation study conducted at Brookhaven National Laboratories. 15 BPA-f was found to precipitate in the urine at doses of .330 mg/kg (delivered over 2 h), raising the concern of renal injury at higher doses. 12, 15 Furthermore, infusion times have also been relatively short (2 h), resulting in outcomes no different than those achieved with the current standard of care. 12 A recent exception was a Swedish phase II trial using a prolonged infusion time of 6 h and a dose of 900 mg/kg, to improve the efficacy of BNCT. Although higher blood levels were achieved at the time of treatment, compared with lower dose regimens, mean survival was 14.2 months, similar to that achieved with current standard therapy. 31 All patients had recurrent disease within 10 months after follow-up, and it was postulated that, as in prior studies, these early recurrences are secondary to heterogeneous drug uptake in the tumor, resulting in subtherapeutic radiation dosing in portions of the tumor. 17, 31 Preclinical studies have demonstrated increased accumulation of a number of therapeutic molecules, including BPA-f, in tumors of the brain after osmotic and pharmacological disruption of the BBB/BTB. 17, 32, 33 Local interstitial therapies have also been developed to circumvent these barriers, including drug-eluding wafers positioned in the resection cavity and catheter-based convection-enhanced delivery of targeted toxins and chemotherapeutic agents. 32 -36 More recently, focused ultrasound has been shown to facilitate the entry of a number of therapeutic agents into the brain, focally and without significant adverse effects. 37 -40 Although intra-arterial (IA) chemotherapy in combination with osmotic BBBD has had promising results in early clinical trials, Barth et al. reported that 10% of animals undergoing BBBD with IA mannitol died of cerebral edema. 41 The occurrence of massive cerebral edema with focused ultrasound is far less likely, because it can be restricted to the tumor and surrounding brain, rather than encompass the entire hemisphere. Furthermore, realizing intracarotid drug administration in humans requires cannulation of the internal carotid artery via endovascular techniques, which is not without risk. Compared with IA administration and interstitial therapies, the main advantages of ultrasound as an alternative for BBBD are its noninvasiveness and a more controlled and focal disruption of the cerebrovasculature. The latter may serve not only to reduce the risk of massive cerebral edema, but also to reduce the accumulation of BPA-f in healthy tissues and, thus, spare radiation exposure during BNCT and, particularly, with more neurotoxic chemotherapeutic agents, to reduce neurological adverse effects.
With ongoing advancements in the field of focused ultrasound and improved ultrasound contrast agents, safe is shown. The yellow and white boxes are not to scale but denote the approximate regions of analysis. The corresponding yellow and white stars denote the appropriate ToF-SIMS image. There was no statistically significant difference in the concentration in the normal brain tissue exposed to ultrasound (P ¼ .39). and reproducible BBBD is achievable. Preclinical studies in rodents have progressed to the investigation of BBBD in larger mammals, and BBBD has now been performed safely in large mammals and nonhuman primates, even through the intact skull. 42, 43 The preliminary safety of transcranial therapeutic ultrasound in humans has been demonstrated, with the successful treatment of .30 patients for chronic pain and tremor with the use of similar techniques and treatment infrastructure. 44, 45 In the present study, we showed that using a relatively low dose of BPA-f, administered intravenously and delivered in combination with BBBD performed noninvasively with transcranial focused ultrasound, therapeutic tumor levels of 10 B can be achieved not only in the main tumor but also in infiltrating clusters of cells, without increasing the accumulation in healthy brain tissue (Table 1) . These measurements were taken at 1 h after the termination of the BPA-f infusion, which we believe would reflect the concentrations at the time of treatment, allowing for patient transfer from the MRI environment to one suitable for neutron irradiation. Our results compare rather favorably to BPA-f distribution studies in the literature, and although we did not perform survival studies, we anticipate that similar gains in survival would be achieved. Table 1) . 17 Only after a 6-h infusion did the tumor concentration reach 90 ppm, with less variability, compared with the shorter infusion time and a tumor to brain ratio of 5.0; however, the ratio and concentration are still slightly lower than that achieved with ultrasound-mediated BBBD after a 2-h infusion. 17 We were not able to detect any change in the [ 10 B] in the normal brain tissue, owing to BBBD. This was thoroughly examined by comparing the peritumoral sonicated region with the contralateral hemisphere (Fig. 4) and sonicated normal brain with the unsonicated contralateral hemisphere in animals without tumors after BPA-f infusion (Fig. 5) . These findings are supported by those of Smith et al. 17 and Barth et al., 41 neither of whom detected a statistically significant difference between the ipsilateral and contralateral [
10 B] with osmotic BBBD even with intracarotid administration. This is likely to have been attributable to the constant metabolic demand of the normal brain tissue; thus, increased bioavailability due to a more permeable BBB alone does not increase the uptake of amino acids (of which BPA is an analogue) into the cell by the L-amino acid transporter-1. 46 In brief, the normal brain appears to be adequately supplied through the intact BBB and, therefore, does not change its demand by an increased interstitial availability, particular when the intracellular concentrations are governed by active transport rather than diffusion alone. The interstitial concentration then begins to decrease immediately after the termination of the infusion, 28 as does the concentration in blood, because in the present study, the blood concentration was 15 -20 ppm at 1 h after infusion. Measurements from human glioblastoma have found that the normal brain concentrations at similar time points were equal to or less than the blood concentrations, which is consistent with our findings within measurement error. 47 There is however some suggestion that reducing the peritumoral edema pharmacologically with dexamethasone can reduce the uptake of BPA-f in peritumoral brain, compared with the contralateral hemisphere, but this resulted in only a 14% difference, 48 a change that is likely to be too small to detect with the present technique.
Because many resections of glioblastoma are subtotal, the uptake of BPA-f into the main tumor mass is still of considerable importance. However, there is justifiable concern that infiltrating cells will not accumulate BPA-f to the same extent as the main tumor, where the BTB is more permeable than the BBB. We evaluated the [ 10 B] in small infiltrating clusters of tumor cells separated from the main tumor mass and found that BBBD with ultrasound resulted in a significantly improved [ 10 B], compared with infusion alone. In the BBBD group, the IT [ 10 B] was .80% of the MT concentration, and in the control group, it was only 30% (P , .01). This latter result in the control group is comparable to results previously reported in the literature for a 2-h infusion of BPA-f. 17 The improved BPA-f uptake in infiltrating cells after BBBD with ultrasound is an important finding, because these cells are the most likely source of residual tumor after resection and are likely to be the cause of most eventual recurrences.
Another important finding is that the [ 10 B] in the tumors treated with focused ultrasound were more uniform than those in the control group, as evidenced by the wider range of measured concentrations and greater standard deviation of the concentrations in the latter (Table 1) . This is perhaps not unexpected, because the increased capillary permeability of the tumor vessels is unlikely to be uniform throughout the tumor; this is attributabe to a variety of vascular phenotypes (some deficient in tight junction proteins) 49 and the influence of soluble factors (causing opening of normal tight junctions). 50 The combination of microbubbles and ultrasound, on the other hand, should cause a similar effect in the tumor and peritumoral vasculature, because they are wholly encompassed in the sonicated volume. The exact mechanisms through which cavitation disrupts the BBB are unknown, but they ultimately result in alterations in tight-junctional proteins and increased paracellular and transcellular permeability. 22 Although at higher sonication pressures, bubbles may collapse, generating fluid jets or shock waves, 51 -53 at the pressures used in the present study, we expect that stable cavitation is the dominant mechanism, whereby BBBD is likely to be achieved via direct mechanical effects or microstreaming due to the oscillating microbubbles. 22, 52 Regardless of the mechanism, this improved uniformity is an important finding, because there is no satisfactory in vivo assessment of the tumor boron concentration before neutron irradiation; thus, a more uniform BPA-f uptake would allow more reliable use of weight-based dosing or of a surrogate measurement (eg, blood-boron levels) and lead to fewer patients being undertreated with BNCT. As previously mentioned, it has been theorized that this heterogeneous boron uptake with BPA-f infusions alone in human tumors may be responsible for the disappointing results in clinical trials. 17 The present study is not without limitations. We have not conducted survival experiments, because we do not have access to a neutron source at our institution. However, the survival benefit of increased BPA-f accumulation in the 9L gliosarcoma and other rodent brain tumor models has been well studied. 16 -18,25,41 We would expect similar improvements in survival when these improvements in BPA-f uptake are realized with ultrasound. Furthermore, there is recent evidence that ultrasound and microbubbles enhance the effect of radiation on endothelial cells; 54 thus, in theory, there could be a synergistic tumoricidal effect of BNCT and ultrasound-mediated BBBD. For acute studies such as this, the 9L gliosarcoma cell line is acceptable, but had we done survival studies, it would not have been a suitable choice. In addition, this cell line does not exactly mimic the infiltrative nature of glioblastoma in humans as previously discussed. Another limitation is the small blood volume in rodents, compared with humans; thus, the number of sonications was limited by the risk of volume overload. Optimization of the BPA-f infusion protocol used in conjunction with focused ultrasound could potentially be improved further in humans than in rodents. Drug penetration through the BBB/BTB with ultrasound was found to be most effective when BPA-f was in the circulation at the time of the sonication. However, uptake of BPA-f into cells is not only a function of the concentration to which they are exposed, but also to the duration of the exposure. As a result, a bolus was delivered before BBBD and then an infusion continued for 2 h afterward, knowing that the BBB remains open for 6 h. 19 In theory, additional sonications could be performed during the infusion, which might serve to further augment the accumulation of BPA-f; however, in the present rodent model, the added fluid volume required would be injurious. A longer infusion time could potentially improve the accumulation of 10 B in infiltrating cells in the sonicated region.
Translating this treatment technology into humans requires careful consideration. A more sophisticated ultrasound setup than the one described here is required, because aberrations due to human skull cannot be neglected as they are in rodents. In humans, the skull is much thicker, but also heterogeneous, necessitating large phased arrays to maintain a tight focus. 55 Fortunately, there exists a commercial transcranial system manufactured by InSightec (Tirat-Carmel, Israel), which fits many of the requirements for BBBD to succeed in humans and has previously been used for transcranial applications in phase I human trials. 44, 45 To improve transmission through bone, the system is available in a lower frequency (220 kHz) than the one used in the present study. This system is used in conjunction with MR-guidance to assess the degree of BBBD as we have done. Although some preclinical systems now use acoustic emissions to monitor BBBD, 56 this is not yet available in a clinical system although would likely serve to improve the safety of the treatment. A facility attempting to deliver this treatment would require an MRI suite accompanied with a hemispherical phased-array ultrasound system and a nearby neutron source; these requirements would limit this therapy to only a handful of sites in the world at present.
In summary, BNCT in humans requires further optimization to yield any benefit over conventional therapy. We have shown that BBBD with MR-guided focused ultrasound in combination with intravenous microbubbles safely augments BPA-f tumor uptake, compared with infusion alone. Increases the tumor to brain 10 B ratio not only for the main tumor, but also for infiltrating cells, with 10 B concentrations that compare very favorably with published results in the literature using higher doses and longer infusion. The narrower range of tumor 10 B concentrations in the tumors undergoing BBBD with ultrasound, in combination with higher accumulation of 10 B in infiltrating cells along the tumor-brain interface, may substantially reduce under-treatment with BNCT. As with BPA-f studies achieving a similar [ 10 B] in tumors, we would expect a similar improvement in survival and with expanding clinical investigations of therapeutic ultrasound, translation of these results to the clinical domain may soon be possible.
